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Telomere length is predictive of adult health and survival across vertebrate species. However, 2 
we currently do not know whether such associations result from among-individual differences 3 
in telomere length determined genetically or by early-life environmental conditions, or from 4 
differences in the rate of telomere attrition over the course of life that might be affected by 5 
environmental conditions. Here, we measured relative leukocyte telomere length (RLTL) 6 
multiple times across the entire lifespan of dairy cattle in a research population that is closely 7 
monitored for health and milk production and where individuals are predominantly culled in 8 
response to health issues. Animals varied in their change in RLTL between subsequent 9 
measurements and RLTL shortened more during early life and following hotter summers 10 
which are known to cause heat stress in dairy cows. The average amount of telomere attrition 11 
calculated over multiple repeat samples of individuals predicted a shorter productive lifespan, 12 
suggesting a link between telomere loss and health. TL attrition was a better predictor of when 13 
an animal was culled than their average TL or the previously for this population reported 14 
significant TL at the age of 1 year. Our present results support the hypothesis that TL is a 15 
flexible trait that is affected by environmental factors and that telomere attrition is linked to 16 
animal health and survival traits. Change in telomere length may represent a useful biomarker 17 
in animal welfare studies.  18 
 19 
 20 
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Telomeres are repetitive DNA sequences that cap the ends of eukaryote linear 25 
chromosomes1,2. They shorten with the number of cell divisions in vitro as well as in response 26 
to oxidative stress and critically short telomeres trigger a DNA damage response that leads to 27 
replicative senescence or apoptosis3–5. In the last decade or so, measures of average telomere 28 
length (TL) taken from blood samples have emerged as an exciting biomarker of health across 29 
disciplines including biomedicine, epidemiology, ecology and evolutionary biology6–8. 30 
Considerable among- and within-individual variation in TL has been observed, with a general 31 
pattern of rapid telomere attrition during early life and a plateau or slower decline 32 
thereafter9,10. Both genetic and environmental factors, particularly those associated with 33 
physiological stress, predict TL in humans and other vertebrates11–16. TL has also been 34 
repeatedly associated with health outcomes and subsequent survival in a variety of species, 35 
particularly humans and birds7,17 and experimentally elongated TL in mice was associated with 36 
a survival advantage18. However, a major outstanding question remains to what degree 37 
associations between TL and health arise from constitutive differences in TL among individuals 38 
set by genes or early life conditions19, or from the pattern of within-individual change in TL 39 
across individuals’ lives which may arise in response to environmental stressors16. 40 
Estimates of the individual consistency of TL over time in both the human and avian literature 41 
vary considerably among studies. Some studies report very high intra-individual correlations, 42 
repeatability measures or heritability measures19–23 which indicate that the rank order in TL 43 
among individuals may remain relatively consistent over time19. This implies most of the 44 
variation in blood cell TL occurs at the among-individual level and is predominantly 45 
determined by genetics and early-life environment19,22. In stark contrast to this, a growing 46 
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body of literature studying both humans and non-human vertebrates reports much lower 47 
individual repeatability and heritability14,24. These studies demonstrate very high levels of 48 
within-individual variation in TL and show that changes in TL across consecutive 49 
measurements are highly dynamic25,26. Although on average TL attrition over time tends to be 50 
the norm, a growing number of studies have found that a substantial proportion of individuals 51 
show telomere elongation over time26–35. There is some evidence from cross-sectional studies 52 
that avian and mammalian species a stronger negative correlation between TL and age is 53 
associated with a shorter maximum recorded lifespan36,37. However, those studies did not test 54 
if within a species more telomere attrition predicts shorter individual lifespan. To date, few 55 
studies have directly compared the relative power of an individual’s average or early life TL 56 
versus the pattern of within-individual change in TL to explain variation in measured TL 57 
associated with health and fitness. In Seychelle warblers and Alpine swifts both telomere 58 
length and telomere attrition rate were associated with survival27,38 while in jackdaw and 59 
white-browed sparrow-weaver nestlings early life telomere attrition predicted lifespan20,39. 60 
However, in a study on elderly humans, there was an association between telomere length 61 
and longevity, but not between telomere attrition and life span40.  62 
Correlative studies in humans and experimental studies mostly in birds show that stressors 63 
such as a poorer socio-economic status13 or increased caring responsibilities in humans15 or 64 
an increased reproductive effort in birds41 are associated with shorter TL or faster telomere 65 
attrition which has also been shown in a recent meta-analysis on non-human vertebrates16. 66 
Interestingly external factors such as weather have recently also been shown to correlate with 67 
telomere dynamics: In the bat species Myotis myotis, harsher weather conditions during 68 
spring correlated with more attrition in TL42 and in a cross-sectional study American black 69 
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bears living at higher latitudes and thus colder weather had shorter telomeres43. Birth cohort 70 
effects on TL in longitudinal studies on Soay sheep and European badgers may also reflect 71 
environmental factors that may include yearly weather variation25,44.  72 
Here, we use an exceptionally detailed longitudinal study of dairy cattle to test which intrinsic 73 
and extrinsic factors are associated with change in relative leukocyte telomere length (RLTL), 74 
and how average RLTL and telomere attrition predict productive lifespan. We use samples and 75 
data collected as part of the long-term study of Holstein Friesian dairy cattle kept at the 76 
Crichton Royal Research Farm in Dumfries, Scotland45 in association with weather data 77 
obtained from a Metoffice station close to the farm. High humidity and temperatures can 78 
easily cause heat stress in cattle which leads to changed behaviour such as active seeking of 79 
shade and reduced milk productivity46,47. We therefore hypothesise that warmer weather may 80 
be an extrinsic stressor capable of causing more telomere depletion. At our farm animals of 81 
two distinct genetic groups (a group that has been strongly selected for high milk fat and 82 
protein yield, and a control group) are randomly allocated to two different diets (a high forage, 83 
low energy diet vs. a low forage, high energy diet group)45. Blood samples are routinely 84 
collected from members of the herd, initially within 15 days after birth and then 85 
approximately annually thereafter (Figure S1 A & B). Productive lifespan, which is the age of 86 
an individual at culling, is recorded for every animal together with a reason for culling which 87 
is typically health-related.  88 
Our objectives were to 1) calculate and examine measures that describe lifetime telomere 89 
change, 2) test which intrinsic and extrinsic factors are associated with change in RLTL, 3) 90 





RLTL profiles and change measurements 94 
We used blood samples collected between 2008 and 2014 to measure longitudinal RLTL by 95 
monoplex qPCR in 1,325 samples from 305 female individuals. On average, 4.3 (range: 2-8) 96 
telomere measurements were made of each individual, including the first measurement 97 
within 15 days of birth and a variable number of subsequent measures (Figure S1 C). RLTL 98 
measures were adjusted for qPCR plate and row to account for known sources of 99 
measurement error48–50 and both RLTL change between subsequent measurements (Figure S1 100 
D) as well as RLTL residuals (Figure S2 A) were approximately normally distributed. The mean 101 
of all RLTL change measurements was statistically significantly smaller than zero (P<0.001) 102 
indicating that telomere shortening was more frequent than lengthening. Animals varied in 103 
the amount and direction of RLTL change across consecutive measurements, with a relatively 104 
even proportion of individuals increasing (43.2%) and decreasing (56.8%) in RLTL over time. 105 
Figure 1 a and Figure S1 D visualise that at young ages RLTL shortens on average, but at older 106 
ages RLTL change centres around zero. Consecutive RLTL measurements made on the same 107 
individual were overall moderately positively and significantly correlated (r=0.38, 95% CI: 0.32 108 
- 0.43, p<0.001; Figure 1 b), supporting our previously reported moderate and significant 109 
individual repeatability of RLTL50. In contrast, RLTL change within the individual was not 110 
repeatable (repeatability as variance due to the animal divided by the total variance = 0.00) 111 
and the repeatability of absolute RLTL change was small (0.049).   112 
Within individuals we observed no constant telomere attrition, maintenance or elongation, 113 
but more complex dynamics with short term changes in both directions (Figure 1 c -d). To 114 
illustrate this more clearly, example individual RLTL dynamics are shown for all cows with at 115 
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least seven RLTL measurements in our dataset in Figure 1 e. This complexity means that it is 116 
impossible to compare lifetime telomere change dynamics by simply comparing slopes. 117 
Therefore, we calculated and examined three average metrics of RLTL dynamics over every 118 
individual’s lifetime: Firstly, the average of all their RLTL measures (“mean RLTL”) which 119 
investigates if animals with on average longer RLTL have a survival advantage. Secondly, the 120 
average of all their RLTL change measures (“mean RLTL change”) and thirdly, the average of 121 
all their absolute RLTL change measures (“mean absolute RLTL change”). Mean RLTL averages 122 
across the differences between all subsequent RLTL measures, and short-term positive and 123 
negative changes can cancel each other out, leaving mostly long-term overall changes to 124 
investigate that also consider the overall direction of change. Mean absolute RLTL change, on 125 
the other hand, averages across absolute differences between all subsequent RLTL 126 
measurements and is used to investigate the hypothesis that RLTL change regardless of 127 
direction (meaning the amplitude of change) may be associated with a negative health 128 
outcome. Figure S3 offers additional visual explanation. 129 
We were also interested in investigating, if early life telomere dynamics were a predictor of 130 
productive lifespan (Figure S2 D), similarly to what has been observed in bird studies 131 
before20,39, because early life predictive measures are of particular interest to the dairy 132 
industry.  Early life telomere dynamics differ from later telomere dynamics in dairy cattle in 133 
that there is more consistent and obvious telomere shortening observed during that time We 134 
focussed on RLTL change within the first year of life by only considering two RLTL 135 
measurements per animal: The first was taken shortly after birth and the second at the 136 
approximate age of one year (Figure S4 A), but because calves are born throguhout the second 137 
sample is usually taken during an annual sampling in spring, there is some variation in 138 
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sampling interval (Figure S4 b). We calculated RLTL change between those two measurements 139 
and observed that most animals (76 %) experienced shortening of RLTL within their first year 140 
of life (Figure 1 f-g, Figure S4 D-F). Sampling interval does not correlate with change in RLTL (r 141 
= 0.008, 95% CI = -0.107 -  0.123 , p = 0.891; Figure S5).  142 
Factors associated with change in RLTL 143 
We next ran a series of statistical model analyses to test whether known individual, genetic 144 
and environmental variables could explain variation in RLTL change. Only sampling year was 145 
statistically significant in the initial full model; age in years, genetic group, feed group, birth 146 
year, the time difference between sample dates in days, and the occurrence of a health event 147 
within two weeks of sampling were not significant (Table S1 & Table S2). Genetic group, feed 148 
group, and the time interval between sampling were kept in the model to capture the 149 
structure of the experiment, but all other non-significant effects were backwards eliminated. 150 
In the reduced model age in years was statistically significant with older animals showing less 151 
telomere depletion (0.026 + 0.006, p < 0.001; Figure 1 a, Table S3 & Table S4). This model was 152 
used to calculate the repeatability of telomere change and absolute telomere change as the 153 
variance due to the animal divided by the total variance. We hypothesised that milk 154 
production (Figure S2 C) may affect change in telomere length, but found no statistically 155 
significant relationship between average lifetime milk productivity and change in RLTL, when 156 
tested in a subset of animals that had milk productivity measurements available (253 animals 157 
with 918 RLTL change measurements, Table S5 & Table S6). We have previously shown that, 158 
on average across this population, RLTL declined over the first year of life but showed no 159 
systematic change with age thereafter49,50. Consistent with this, we found that average RLTL 160 
change across consecutive measurements was only significantly negative (indicating a 161 
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tendency for attrition over time) when the first measurement was made close to birth and the 162 
follow up measurement at the age of around 1 year (Figure 1 a, -0.115 + 0.01, p<0.001; Table 163 
S7).  164 
We observed an association between sample year and change in RLTL (F= 3.84, df = 4, p = 165 
0.004, Table S4) and hypothesised that this might be at least partially due to different weather 166 
conditions. We therefore used weather data (Figure S6) from a Met Office station close to the 167 
farm to test if maximum temperature, minimum temperature, average sun hours per day, 168 
total rainfall (mm), and total air frost days in the summer and winter quarters correlated with 169 
change in RLTL. Maximum temperature over the summer quarter was statistically significantly 170 
and negatively correlated with change in RLTL (-0.012 + 0.004, p = 0.001, Figure 2) meaning 171 
that we observed more RLTL attrition in hotter summers (Table S8 & Table S9). When sample 172 
year was included in the same model with maximum summer temperature it became non-173 
significant, while maximum summer temperature remained statistically significant (Table S10 174 
& Table S11), indicating that summer temperature may be the reason for observed yearly 175 
variation in RLTL change. The total number of sun hours averaged across the summer quarter 176 
(as another marker for a hot summer) was also negatively correlated with change in RLTL (-177 
0.001 + 0.000, p = 0.021, Table S12 & Table S13) although the effect size was smaller. Rain 178 
during summer may contribute to cool down animals and therefore alleviate RLTL attrition, 179 
but in our study population where half of the animals are housed continuously it has a 180 
marginal effect (0.000 + 0.000, p = 0.041; Table S14 & Table S15). Interestingly, maximum 181 
winter temperature was also negatively correlated with change in RLTL (-0.014 + 0.005, p = 182 
0.009; Table S16 & Table S17), however, when fitted together with maximum summer 183 
temperature, it became non-significant (Table S18 & Table S19).  184 
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After having observed a summer temperature effect on telomere length dynamics, we were 185 
interested to find out if similar effects influenced early life telomere length dynamics. We 186 
investigated if the amount of early-life RLTL attrition varied with sample year while accounting 187 
for the sampling interval in a linear model but did not find any indication for a statistically 188 
significant relationship (N = 291, p = 0.666). Therefore, we saw no justification for testing the 189 
effect of weather variables on early life RLTL attrition. 190 
We next were interested to find out if there were factors that could predict lifetime RLTL 191 
change in the complete dataset and considered the total number of specific disease events as 192 
internal stressors. More specifically we looked at the effect of the number of mastitis and 193 
lameness events and then at the number of accumulated mastitis and lameness events 194 
together (Figure S7) on mean RLTL, mean RLTL change and mean absolute RLTL change, but 195 
found no statistically significant relationships (Table S20).  196 
 197 
RLTL change and productive lifespan 198 
Of all dead cows (N=244) the vast majority (N=241) had survived to their first lactation, but 199 
there was considerable variation in productive lifespan beyond this point (Figure S2 D). We 200 
wanted to find out if the three measures of life-long change in RLTL (mean RLTL, mean RLTL 201 
change and mean absolute RLTL change) could predict productive lifespan and tested them 202 
first separately, then together in the same Cox proportional hazard model. Both mean RLTL 203 
change (-5.209 + 0.845, p < 0.001; Table S21) and mean absolute RLTL change (2.939 + 0.970, 204 
p = 0.002; Table S21) were significantly associated with productive lifespan while mean RLTL 205 
was not (coefficient= 0.341, SE= 0.591, p=0.564, Table S21). When all three measures of 206 
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lifetime RLTL dynamics were included in the same model only mean RLTL change remained 207 
significant (-4.758 + 1.018, p<0.001;Table S21). This implies that the relationship between 208 
productive lifespan and mean absolute RLTL change was largely due to covariance with mean 209 
RLTL change. Thus, individuals that experienced greater telomere attrition over their lifetimes 210 
had a shorter productive lifespan and direction of RLTL change (rather than simply absolute 211 
magnitude) was an important aspect of this relationship. To visualise the association between 212 
RLTL change measurements and productive lifespan using Kaplan-Meier plots, continuous 213 
RLTL measures were transformed to a discrete scale by grouping them into tertiles (Figure 3). 214 
Cox proportional hazard models based on these tertile groupings of RLTL measures showed 215 
similar results to those reported above (mean RLTL: 0.014 + 0.079, p=0.858; mean RLTL 216 
change: -0.257 + 0.087, p= 0.003, mean absolute RLTL change: 0.179 + 0.082, p= 0.029, Table 217 
S22).  218 
The relationship between mean RLTL change and productive lifespan was robust to the 219 
inclusion of milk production (a physiological stressor, which is positively associated with 220 
productive lifespan as cows with a low milk yield are more likely to be culled at a younger age) 221 
in the model (Table S23). If RLTL declines mostly within the first year of life (as Figure 1 a 222 
indicates), the association between change in RLTL and productive lifespan may be driven by 223 
the fact that this initial decline contributes relatively more to estimates of mean RLTL change 224 
in shorter-lived individuals than in animals that have more follow up samples with more 225 
moderate change measures available. We therefore repeated the analysis excluding the early 226 
life RLTL change measurements and found that mean RLTL change still predicted productive 227 
lifespan (N=253, coefficient= -5.056, SE= 1.315, p<0.001,Table S24). The relationship between 228 
mean RLTL change and productive lifespan also remained statistically significant, when 229 
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animals with fewer than 3 samples (which may be more affected by outlier measurements) 230 
were excluded from the analysis (-3.47 + 1.34, N= 213, Wald test = 6.7 on 1 df, p= 0.01). In our 231 
previous studies we thoroughly tested RLTL at different ages as a predictor of productive 232 
lifespan and found that while RLTL at the age of one year correlated with survival, RLTL at 233 
other ages (including at birth) did not50. In the present study we found that mean RLTL change 234 
was a better predictor of productive lifespan than RLTL at the age of one year when tested in 235 
the same model (Table S25).  236 
Most reasons for culling in our herd were disease-related, but some reasons included 237 
accidents and herd management procedures and for some animals the reason for culling 238 
remained unknown (Figure S8). Even when animals without a recorded disease-related reason 239 
for culling were excluded from the analysis, mean RLTL change still predicted productive 240 
lifespan (Table S26).  241 
Similarly, we used a Cox proportional hazard model to test whether early life RLTL change 242 
between two samples, one taken shortly after birth and the next at an approximate age of 243 
one year, predicted productive lifespan and found that greater early life RLTL attrition was 244 
associated with a shorter productive lifespan (-1.141 + 0.391, N= 291, p= 0.004, Table S21). 245 
When we repeated the analysis using the discrete measure of RLTL change tertiles for 246 
visualisation purposes we obtained similar results (-0.225 + 0.082, N= 291, p= 0.006, Figure 4, 247 
Table S22). In parallel to the analysis of the whole dataset, the relationship between early life 248 
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change in RLTL remained statistically significant, when animals without a recorded health-249 
related reason for culling were excluded (Table S26). 250 
Discussion 251 
Our study animals varied considerably in the magnitude and direction of RLTL change across 252 
consecutive sampling points. This is in accordance with other longitudinal studies that have 253 
reported a wide variation in TL change, alongside observations that a large proportion of 254 
individuals actually exhibit telomere lengthening over time26–35. Previous work has suggested 255 
that rapid changes observed in telomere length, and particularly apparent telomere 256 
lengthening may be due to measurement error affecting mostly qPCR results may be 257 
particularly affected51. However, other studies using simulated data have also shown that 258 
telomere lengthening might be biological and not solely due to measurement error52,53. For 259 
the present study we carefully optimised the qPCR protocol to ensure reproducible results 260 
that are also robust to extracting DNA repeatedly from the sample using different DNA 261 
extraction techniques48. Our qPCR measurements are repeatable: the proportion of total 262 
variance due to sample variance is 80 %, consecutive measures correlate well (Figure 1 b) and 263 
baseline measurements do not correlate strongly with future mean rate of RLTL changing rate 264 
(Figure S9) which has previously been used as a marker for a small measurement error51,54.  265 
This makes us confident that our measurements overall capture biological variation. We show 266 
that, despite TL being moderately consistent across the lifetimes of individuals, considerable 267 
within-individual variation exists and the pattern of change in TL over an individual’s life is 268 
highly dynamic. Short-term environmental fluctuations impacting TL dynamics could be 269 
responsible and may impact individuals in different ways. A recent meta-analysis has shown 270 
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that different kinds of stressors are associated with telomere loss in non-human vertebrates16. 271 
We aimed to understand factors influencing telomere change in our study system and found 272 
that age was associated with change in RLTL in the following way: young animals on average 273 
shortened their TL, but older animals did not show a systematic relationship of change in RLTL 274 
with age. This is in accordance with our previous cross-sectional observations in this study 275 
population49,50. We further found that sample year was associated with change in RLTL and 276 
hypothesised that the yearly effect may be partially explained by weather variables after 277 
similar observation have been made for other species: In bats stressful weather conditions 278 
during a critical time of the year was associated with more telomere attrition42. Dairy cattle 279 
are metabolically incredibly active and therefore easily experience heat stress in warm and 280 
humid climates46,47. Dairy cows actively seek shade when temperatures are above their 281 
comfort range47, which is a behaviour frequently observed on our research farm in Dumfries 282 
during the summer months. Indeed, we found using data from a weather station located close 283 
to the farm that during hot summers animals experienced more RLTL attrition. Our results 284 
indicate that organismal stress is associated with more telomere depletion and thus provide 285 
first evidence that change in telomere length may indeed be useful as a biomarker for animal 286 
welfare in farm animals as suggested before55. In the specific case of heat stress, it is likely 287 
that more easily accessible measures such as milk productivity56 will be more helpful on 288 
commercial farms. Our observation that weather correlates with telomere dynamics supports 289 
previous findings that TL is affected by environmental conditions12,16,42.  We could not find 290 
evidence in our study that the number of fertility and mastitis events (investigated separately 291 
and together) correlated with life-long RLTL change measures. A reason for this may be the 292 
 
 15 
crude categorisation of those disease events and adding severity scores in future analyses may 293 
influence the result. 294 
Individuals with a greater propensity to lose TL over time in our study had shorter productive 295 
lives, implying changes in TL reflect important environmental or physiological variation linked 296 
to health. We have previously shown that there is a genetic correlation between RLTL at birth 297 
and productive lifespan indicating that genes for long telomeres and genes for an improved 298 
productive lifespan may be in linkage disequilibrium and inherited together57 or pleiotropic 299 
genes causing long telomeres also improve survival chances. Our data support the contention 300 
that within-individual directional change over time in TL is more important than among-301 
individual differences in predicting overall health. While our results that early life attrition in 302 
TL correlates with lifespan is in accordance with several bird studies that reported similar 303 
results20,39, the present study is to our knowledge first demonstration that lifetime variation 304 
in telomere attrition rather than variation in constitutive individual differences in average TL 305 
predict health outcomes and lifespan in any vertebrate. While there is mounting evidence that 306 
TL predicts mortality, health and life history in humans as well as birds and non-human 307 
mammals7,17,23–25,57–62, very few studies have been able to accumulate long-term longitudinal 308 
data capable of differentiating the role of among- and within-individual variation in TL to such 309 
relationships. There was no relationship between productive lifespan and an individual’s 310 
average RLTL in the present study. 311 
Future studies will show how well our results generalise to other systems as telomere biology 312 
is variable amongst species. Cattle telomere biology seems to be similar to other ruminants, 313 
horses, zebras, tapirs, some whales and primates including humans in that they have relatively 314 
short telomeres and a tight regulation of telomerase expression63. If our results extend to 315 
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some of those other systems and contexts, they have important implications for the utility of 316 
TL as a biomarker of health and fitness, lending support to the idea that change in TL is an 317 
indirect marker reflecting past physiological insults and stress rather than an indicator of 318 
constitutive or genetically-based robustness to life’s challenges. Our data also highlight the 319 
importance of collecting longitudinal telomere measurements, by showing that in some 320 
species it is within-individual change over time in TL that carries the important biological 321 
signal. 322 
 323 
Materials and Methods 324 
We aimed to follow ARRIVE guidelines64 throughout this manuscript and provide the 325 
ARRIVE essential information in Supplementary File 3. 326 
Animal population and data collection 327 
We used samples and data collected as part of the long-term study of Holstein Friesian dairy 328 
cattle kept at the SRUC Crichton Royal Research Farm in Dumfries, Scotland45. This herd, 329 
consisting of around 200 milking cows plus their calves and replacement heifers, has been 330 
regularly monitored since 1973 for a broad range of measurements, such as body weight, feed 331 
intake, signs of disease (health events), milk yield, productive lifespan and reasons for 332 
culling45. One half of the milking cows belong to a genetic line that has been selected for high 333 
milk protein and fat yield (S), while the other half is deliberately maintained on a UK average 334 
productivity level (C).  Calves and heifers of both genetic lines are kept together. After first 335 
calving all cows are randomly allocated to a high forage (HF) or low forage (LF) diet. The LF 336 
diet is energy richer than the HF diet and whilst the LF cows are housed continuously, the HF 337 
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cows graze over the summer months. All cows are milked three times daily and milk yield is 338 
recorded. In the present study, these measurements were used to calculate an average milk 339 
production in kg per cow including all started lactations and it is referred to this as “average 340 
lifetime milk production” (Figure S2 C). Every day cows leave the milking parlour over a 341 
pressure plate which detects signs of lameness. Behaviour and health events are documented 342 
after visual detection by farm workers (Figure S7). At the end of the animal’s life its productive 343 
lifespan (Figure S2 D) and a reason for culling are recorded (Figure S8). Productive lifespan is 344 
the time from birth to culling in days and is a proxy for the health span of the animal, because 345 
all animals that remain healthy enough to generate profit for the farmer remain in the herd. 346 
The most frequent reasons for culling were reproductive problems, mastitis, lameness which 347 
are typically the most frequent cull reasons on a commercial dairy farm Figure S8. Further 348 
information about the animal population can be found in Supplementary File 2. 349 
Blood sampling 350 
We collected 1,325 whole blood samples from 305 female individuals in the years 2008 to 351 
2014. Routine blood sampling takes place initially shortly after birth (within 15 days of birth) 352 
and then annually in spring (Figure S1 A-B). If possible an additional sample is taken shortly 353 
before an animal is culled. Because of this sampling routine and because calves are being born 354 
all year round, age at sampling and sampling intervals vary for animals (Figure S2 B, Figure S4, 355 
Figure S3 B).  356 
 
 18 
Ethics statement 357 
The SRUC Animal Experimentation Committee approved the blood sampling which was 358 
conducted in accordance with UK Home Office regulations (UK Home Office Project License 359 
Number: PPL 60/4278 Dairy Systems, Environment and Nutrition). 360 
Collection of weather data 361 
Weather data was obtained from the Met Office weather station in Eskdalemuir (Location 362 
323400E 602600N, Lat 55.311 Lon -3.206, 242m amsl). Eskdakenuir is with 21.8 miles (35.1 363 
km) direct distance (https://www.freemaptools.com/how-far-is-it-between.htm) the closest 364 
weather station to the farm in Dumfries. Weather data included maximum temperature, 365 
minimum temperature, days of air frost, total rain in mm and total sun hours for each month 366 
(Figure S6). Data was reduced to the years of interest between 2006 and 2015 and 367 
summarised to maximise its relevance considering the sampling interval on the farm to 368 
quarterly statistics in the following way: Routine blood sampling was performed in March 369 
(Figure S1 B) and therefore the calendar year was divided into quarters and then allocated to 370 
a “sample year” which ran from April in the previous year to end of March of the year when 371 
the blood sample was taken. This ensured that sampling periods for weather and telomere 372 
data were synchronised.  373 
 374 
DNA extraction and RLTL measurement 375 
DNA from whole blood samples was extracted with the DNeasy Blood and Tissue spin column 376 
kit (QIAGEN) and telomere length was measured by qPCR as previously described48–50,57. The 377 
repeatability of the assay (see Supplementary File 2 for how repeatability was calculated) was 378 
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80% and therefore delivers interpretable results65. A full description of our DNA extraction 379 
and qPCR protocols including quality control steps can also be found in Supplementary File 2.  380 
Statistical analysis 381 
All statistical analyses were performed in R studio66 with R 4.0.2.67. Mixed-effects models were 382 
implemented using the ‘lme4’ library68, while Cox proportional hazard models were 383 
implemented using the library survival69 and figures were generated with the library 384 
‘ggplot2’70. All statistical packages used and a full description of the analysis including code 385 
can be found on GitHub (https://github.com/LASeeker/TelomereChangeInDairyCattle). 386 
 387 
Accounting for known sources of measurement error 388 
We have shown before that our RLTL data are significantly affected by qPCR plate and qPCR 389 
row48–50. To account for those known sources of measurement error, we used the residuals of 390 
a linear model that corrected all RLTL measurements for qPCR plate and row, by fitting plate 391 
and row as fixed factors in the model. These residual RLTL measures were used in all 392 
subsequent calculations and models of telomere dynamics.  393 
	394 
RLTL	profiles	and	change	measurements	395 
We calculated 1,020 RLTL change measurements of 305 female animals as the difference 396 
between two subsequent adjusted RLTL measurements within individual (RLTL change = RLTLt 397 
- RLTLt-1). We used those longitudinal RLTL change measurements as response variables to 398 
investigate the impact of various effects such as age, health events and weather conditions 399 
on telomere change (see below).  400 
 
 20 
We calculated following three measures of lifetime RLTL change: The animal’s mean RLTL over 401 
all measurements, the mean RLTL change and the mean absolute RLTL change. While mean 402 
RLTL change captures the direction and magnitude of RLTL changes, mean absolute RLTL 403 
change describes just the magnitude of change without considering its direction because we 404 
were interested to investigate if more change in either direction may be correlated with 405 
adverse effects. Figure S3 visualises the reasoning behind calculating these three measures of 406 
lifetime telomere length dynamics which are not surprisingly moderately correlated with one 407 
another (r ranged from -0.53 to 0.30, Figure S10). 408 
We were also interested in analysing early life RLTL dynamics and its association with 409 
productive lifespan. Therefore, we calculated change in RLTL within the first year of life as the 410 
difference between one measurement taken shortly after birth and the next taken at around 411 
one year of age (Figure S4 A).  412 
 413 
Factors associated with change in RLTL  414 
To investigate which factors correlate with the direction and amount of RLTL change, a linear 415 
mixed model was fitted with RLTL change between two consecutive measurements as 416 
response variable and animal identity as random effect. The following factors were included 417 
as fixed effects: genetic line, feed group and birth year of the animal, age at sampling (at time 418 
t), sample year, and the occurrence of a health event within two weeks before or after 419 
sampling (at time t). The time difference between consecutive samplings in days was fitted as 420 
a covariate. Non-significant fixed effects (p>0.05) were backwards eliminated from the model. 421 
Age at sampling was modelled as a covariate (age in years). We hypothesised that the high 422 
metabolic demand of milk production may impact change in telomere length and therefore 423 
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repeated the above model for a subset of 918 RLTL measurements of 253 animals with a 424 
known average lifetime milk production which was fitted as additional covariate. Average 425 
lifetime milk productivity was re-scaled by dividing it by 1000 to adjust it to a comparable scale 426 
as the other parameters in the model.  427 
We hypothesised that yearly variation in RLTL may be due to yearly variation in weather 428 
variables (Figure S6) and re-ran the model above for the whole dataset while including 429 
quarterly weather variables as covariates as a replacement for sample year. We restricted 430 
weather observations to the summer and winter quarter to capture the most extreme 431 
seasons. Following variables were tested: maximum temperature, minimum temperature, 432 
total number of air frost days, totals sun hours averaged across the quarter, average rain in 433 
mm. 434 
To better understand variables that correlate with early life RLTL, we tested if the amount of 435 
early life RLTL attrition (RLTL at 1 year – RLTL at birth) varied with sample year while 436 
accounting for the sampling interval in a linear model. 437 
After finding factors that influenced RLTL change, we thought that the accumulated number 438 
of specific health events that are associated with inflammation and pain may correlate with 439 
lifetime RLTL dynamics (mean RLTL, mean RLTL change and mean absolute RLTL change) and 440 
tested our hypothesis using the number of mastitis or lameness events in a linear model; these 441 
analyses were run first separately by condition and then collectively by summing all events 442 
per animal.   443 
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Association between lifetime RLTL measures and productive lifespan 444 
We used Cox proportional hazard models of productive lifespan that also included mean milk 445 
production as covariate and the three measures of lifetime RLTL dynamics (mean RLTL, mean 446 
RLTL change and mean absolute RLTL change) as explanatory variables first separately and 447 
then together in the same model to test their association with productive lifespan first 448 
individually, then while accounting for the effect of the other two measures. For visualisation 449 
purposes we converted the continuous measures of lifetime telomere measures to a discrete 450 
scale by using tertiles and repeated the Cox proportional hazard models with those and 451 
visualised the relationship in Kaplan-Meier plots.  452 
To ensure observed associations between RLTL change and productive lifespan were not 453 
simply due to more rapid RLTL attrition early in life, the initial Cox proportional hazard models 454 
(that included RLTL measures on a continuous scale) were repeated first while all 455 
measurements that were taken shortly after birth were excluded and then while all animals 456 
with fewer than three RLTL measurements were excluded. Additionally, we wanted to better 457 
understand if telomere change or telomere length is the better predictor for productive 458 
lifespan. We therefore tested if the previously reported effect of RLTL at a specific age (one 459 
year) on productive lifespan50 remained statistically significant when tested in a Cox 460 
proportional hazard model together with milk productivity and mean RLTL change. Lastly, we 461 
considered that most, but not all of our animals were culled for health-related reasons (Figure 462 
S8) and repeated the Cox proportional hazard models of productive lifespan with lifetime RLTL 463 
dynamics measures as predictors for a subset of animals that had a recorded health-related 464 
reason for culling.  465 
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We were interested to find out if telomere attrition within the first year of life was another 466 
predictor of productive lifespan and therefore tested it in a Cox proportional hazard model. 467 
We transformed the continuous measure of early life RLTL change to a discrete scale by 468 
calculating tertiles and repeated the Cox proportional hazard models using the tertiles as 469 
explanatory variables in an effort to visualise the relationship between RLTL change and 470 
productive lifespan using Kaplan-Meier plots. Finally, we repeated the Cox proportional 471 
hazard analysis of early life RLTL change for those animals that had a recorded disease-related 472 
reason for culling. See Figure S11 for a visual description of all Cox-proportional hazard models 473 
used in this study.  474 
 475 
 476 
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Figure 1: Relative leukocyte telomere length (RLTL) dynamics in dairy cattle. All RLTL 675 
measurements were pre-adjusted for qPCR plate and qPCR row to account for some of the 676 
known measurement error. a) Age in years at second RLTL measurement is significantly 677 
associated with RLTL change. b) At all measurement times the present measurement (RLTL 678 
at time t) is clearly correlated with the previous measurement (RLTL at time t-1) 679 
(estimate=0.38, p<0.001). The red line represents a perfect correlation. c) RLTL over age in 680 
years. d) RLTL over sample year. e) Longitudinal RLTL change over age for all animals with at 681 
least 7 samples as example for RLTL variation. f) Early-life change in RLTL over age at 682 
sampling and g) over sampling year. 683 
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Figure 3: Relationship between lifetime telomere length dynamics and productive lifespan. 691 
RLTL measurements were grouped into tertiles as shown for a) mean RLTL, b) mean absolute 692 
RLTL change and c) mean RLTL change. Kaplan-Meier curves show relationship of lifetime RLTL 693 
dynamics tertiles with productive lifespan. d) Greater lifetime mean RLTL (tertile 3) was not 694 
significantly differently associated with productive lifespan than moderate or short lifetime 695 
mean RLTL (tertiles 2 and 1). e) Greater mean absolute RLTL change (tertile 3) measured over 696 
the lifetime was associated with shorter productive lifespan compared to animals with 697 
moderate (tertile 2) or little (tertile 1) mean absolute RLTL change. f) Greater mean lifetime 698 
RLTL attrition was associated with shorter productive lifespan. It can be seen that the mean 699 
survival of the group with the most RLTL attrition was about 600 days shorter than the mean 700 
survival of the group showing the most stable RLTL with neither dramatic shortening nor 701 
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Figure 4: Early-life change in RLTL and productive lifespan. a) visualises how continuous RLTL 704 
change measurements were grouped into discrete tertiles to allow visualising of survival 705 
data. b) Kaplan-Meier plot that shows the association of early- life RLTL change tertiles with 706 
productive lifespan. More RLTL attrition within the first year of life (tertile 1) was associated 707 
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Figure S1: Blood sampling routine for telomere length measurement. (A) Schematic 
description of sampling protocol (diagram created with BioRender.com). (B) Number of 
samples taken over sampling date. Spikes represent annual sampling in March. At 
other times new-born calves and adult animals shortly before culling were sampled. It 
can be seen that regular sampling in March was established in 2010. (C) Number of 
RLTL measurements per animal. (D) Distribution of RLTL change after adjusting for 











Figure S2: (A) Distribution of RLTL measurements that were pre-adjusted for qPCR 
plate and row, two known sources of measurement error. (B) Sample interval between 
two consecutive samples varied considerably with a mean of approximately one year. 
(C) Average lifetime milk production for all animals that started at least the first 












Figure S3: Visualisation of reasoning behind the calculation of different lifetime 
telomere change measures. Hypothetical scenario (A): differences in mean relative 
leukocyte telomere length (RLTL). Animals differ in their mean telomere length while 
telomere attrition rate and variance in telomere length are similar. Animals with longer 
mean RLTLs over life (for example animal b) are assumed to have a survival advantage 
over those with on average shorter RLTLs (animal a). Hypothetical scenario (B):  
Differences in mean absolute RLTL change. Animals do not differ significantly in their 
telomere length or their overall attrition rate. However, they show a difference in the 
magnitude of short-term telomere change. It is hypothesised that animals that are 
able to better maintain their telomere length and show lees absolute telomere change 
(animal b) have a survival advantage over those that show extreme telomere change in 
both directions (animal a). Hypothetical scenario (C): Differences in mean RLTL change. 
Some animals show a faster overall telomere attrition (animal a) compared to others 
(like animal b) and it is hypothesised that fast telomere attrition is associated with a 
shorter lifespan.  
  





Figure S4: Calf dataset. (A) Sampling routine (created with BioRender.com). (B) 
Representative sampling interval is shown for a subset of 50 randomly chosen animals. 
(C) Distribution of birth years. (D) Distribution of RLTL at birth and (E) of RLTL close to 1 





Figure S5: Sample interval does not correlate with change in RLTL (r = 0.008, 95% CI: -









Figure S6: Weather data obtained from the Met Office station in Eskdalemuir (Location 
323400E 602600N, Lat 55.311 Lon -3.206, 242m amsl)  
 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure S7: Number of specific health events per animal.  While mastitis and lameness 
events are always pathological, fertility events also include healthy events such as an 










Figure S8: Reasons for culling. Fertility and reproduction, mastitis and lameness are 
usually the three leading reasons for culling on a dairy farm. They include 
inflammatory processes that can become systemic. Many diseases affect milk yield and 
poor milk production can be a sign of an otherwise subclinical disease. Accidents are 
often associated with bulling behaviour where cows jump onto each other’s back if 
animals are in oestrus which may lead to bone fractures. Accidents also include 
downer cows that are trapped in their cubicles and cannot get to their feet. A reason 
for this may be a metabolic condition called “milk- fever”. Cows removed based on 







































































Figure S9: The mean yearly RLTL change rate should not be correlated with baseline 
RLTL if the measuerement error is. It can be seen that the correlation of those 
measurements taken during adult years indeed equals zero. Overall there os a slight 
correlation (r = - 0.07, p = 0.02) which seems to be driven by measurements taken 
early in life. Since all age groups were measured on the same plates, a biological 
reason between the correlation of telomere length at birth and lifetime mean 








Figure S10: Correlations between three different measures of lifetime relative 
leukocyte telomere length (RLTL) dynamics calculated for 244 dead animals. (A) Mean 
RLTL and mean RLTL change: r=-0.18, p=0.004; (B) Mean RLTL and mean absolute RLTL 
change: r=0.30, p<0.001. (C) Mean RLTL change and mean absolute RLTL change: r=-
0.53, p<0.001. The red line represents perfect negative correlation, blue line 
represents perfect positive correlation. Dotted line represents data that shows a 
variable amount of absolute change that cancels each other out to result in no overall 
RLTL change. 
 





Figure S11: Visual description of different models used to investigate telomere length 
measures as predictors of productive lifespan. Created with Biorender.com. (A) full 
model containing RLTL measurements of all animals. (B) Early life measures were 
excluded. (C) Animals with fewer than 3 samples were excluded. (D) The initial model 
was repeated for animals with milk production records. (E) The previous model (D) was 
extended by including the previously shown to be significant RLTL measure at the age 
of 1 year. (F) The initial analysis was repeated for all animals with a recorded health-
related reason for culling. (G) The relationship of early life change of RLTL with 
productive lifespan was tested. (H) Same as (G) but restricted to animals with a 






































































Table S1: Full initial model. Effect sizes and significance of fixed effects in full linear 
mixed model of RLTL change, adjusted for qPCR plate and row with animal identity 
fitted as a random effect. 
 Estimate Std. Error df t value p-value 
(Intercept) -0.126 0.039 1002 -3.256 0.001 
Age in years 0.022 0.014 1002 1.602 0.110 
Feed group: high forage (N=110) -0.008 0.012 1002 -0.685 0.493 
Feed group: not allocated (N= 80) -0.007 0.016 1002 -0.409 0.683 
Genetic group: select (N=135) -0.01 0.011 1002 -0.896 0.371 
Birth year: 2009 (N= 90) -0.014 0.021 1002 -0.694 0.488 
Birth year: 2010 (=89) -0.012 0.029 1002 -0.431 0.666 
Birth year: 2011 (N=70) -0.006 0.039 1002 -0.164 0.870 
Birth year: 2012 (N=28) -0.022 0.055 1002 -0.396 0.692 
Birth year: 2013 (N=4) -0.147 0.111 1002 -1.316 0.189 
Birth year: 2014 (N=2) -0.242 0.193 1002 -1.255 0.210 
Sample year: 2011 (N=178) 0.042 0.026 1002 1.573 0.116 
Sample year: 2012 (N=238) 0.063 0.033 1002 1.895 0.058 
Sample year: 2013 (N=269) 0.087 0.045 1002 1.954 0.051 
Sample year: 2014 (N=246) 0.064 0.06 1002 1.052 0.293 
sample interval in days 0.000 0.000 1002 -0.049 0.961 
Health event within 2 weeks of sampling 0.018 0.024 1002 0.721 0.471 
 
Table S2: Corresponding ANOVA output to Table S1. 
 
Sum Sq Mean Sq NumDF DenDF F value p-value 
Age in years 0.08 0.08 1 1002 2.57 0.110 
Feed group 0.01 0.01 2 1002 0.25 0.780 
Genetic group 0.02 0.02 1 1002 0.80 0.371 
Birth year 0.13 0.02 6 1002 0.73 0.628 
Sample year 0.31 0.08 4 1002 2.64 0.032 
sample interval in days 7.21E-05 7.21E-05 1 1002 0.00 0.961 





Table S3: Reduced model. Effect sizes and significance of fixed effects in linear mixed 
model of RLTL change, adjusted for qPCR plate and row with animal identity fitted as a 
random effect. 
 
Estimate Std. Error df t value p-value 
(Intercept) -0.142 0.028 1009 -5.029 <0.001 
Age in years 0.026 0.006 1009 4.266 <0.001 
Feed group: high forage (N=110) -0.010 0.012 1009 -0.867 0.386 
Feed group: not allocated (N= 80) -0.015 0.015 1009 -0.969 0.333 
Genetic group: select (N=135) -0.013 0.011 1009 -1.113 0.266 
Sample year: 2011 (N=178) 0.040 0.023 1009 1.744 0.082 
Sample year: 2012 (N=238) 0.061 0.022 1009 2.735 0.006 
Sample year: 2013 (N=269) 0.081 0.024 1009 3.438 0.001 
Sample year: 2014 (N=246) 0.050 0.027 1009 1.834 0.067 
sample interval in days 0.000 0.000 1009 0.198 0.843 
 
 
Table S4: Corresponding ANOVA output to Table S3. 
 
 
Sum Sq Mean Sq NumDF DenDF F value p-value 
Age in years 0.536 0.536 1 1009 18.200 <0.001  
Feed group 0.036 0.018 2 1009 0.619 0.539 
Genetic group 0.037 0.037 1 1009 1.239 0.266 
Sample year 0.452 0.113 4 1009 3.836 0.004 







Table S5: Reduced model including milk productivity. Linear mixed model of RLTL 








Estimate Std. Error df t value p-value 
(Intercept) -0.143 0.035 906 -4.057 <0.001 
Age in years 0.021 0.007 906 3.078 0.002 
Feed group: high forage (N=108) -0.006 0.013 906 -0.429 0.668 
Feed group: not allocated (N=29) 0.009 0.024 906 0.379 0.704 
Genetic group: select (N=117) -0.011 0.012 906 -0.926 0.355 
Sample year: 2011 (N=80) 0.038 0.024 906 1.597 0.111 
Sample year: 2012 (N=75) 0.06 0.023 906 2.6 0.009 
Sample year: 2013 (N=13) 0.086 0.025 906 3.417 0.001 
Sample year: 2014 (N=4) 0.064 0.03 906 2.131 0.033 
Sample interval in days 0.000 0.000 906 -0.461 0.645 
Milk productivity in kg /1000 0.003 0.003 906 0.963 0.336 
 
Sum Sq Mean Sq NumDF DenDF F value p-value 
Age in years 0.278 0.278 1 906 9.471 0.002 
Feed group 0.018 0.009 2 906 0.299 0.742 
Genetic group 0.025 0.025 1 906 0.857 0.355 
Sample year 0.405 0.101 4 906 3.456 0.008 
sample interval in days 0.006 0.006 1 906 0.212 0.645 
Milk productivity in kg/1000 0.0272 0.027 1 906 0.928 0.336 
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Table S7: Effect sizes and significance of fixed effects of age at second sampling from 
linear mixed-effects model of RLTL change, adjusted for qPCR plate and row with 
animal identity fitted as a random effect, Age at second sampling in years was tested 
as a factor to illustrate that average RLTL change across consecutive measurements 
was only significantly negative (indicating a tendency for attrition over time) when the 
first measurement was made close to birth and the follow up measurement at the age 
of around 1 year. For three animals, a second measurement was taken close to 0 years 
(birth) which explains why this age group appears in this table. The age of one year 
was set for this model as reference (representing the model intercept). All other ages 
are treated in relation to a change that has 1 year as second age measure. In 
comparison all other age groups show less negative (=in comparison positive) change. 
This does not mean that lengthening is observed.  
Age at second sampling Estimate Std. Error df t-value p-value 
1 years -0.115 0.01 1013 -11.512 <0.001 
0 years 0.015 0.065 1013 0.225 0.822 
2 years 0.106 0.014 1013 7.474 <0.001 
3 years 0.127 0.015 1013 8.444 <0.001 
4 years 0.111 0.017 1013 6.44 <0.001 
5 years 0.142 0.025 1013 5.703 <0.001 






Table S8: Association of maximum summer temperature with change in RLTL 
 
Estimate Std. Error df t value p-value 
(Intercept) 0.093 0.062 1012 1.484 0.138 
Age in years 0.028 0.004 1012 6.444 <0.001 
Feed group: high forage -0.011 0.012 1012 -0.911 0.362 
Feed group: not allocated -0.012 0.015 1012 -0.806 0.420 
Genetic group: select -0.012 0.011 1012 -1.068 0.286 
Sample interval in days 0.000 0.000 1012 0.326 0.745 
Max temperature in summer quarter -0.012 0.004 1012 -3.279 0.001 
 
 
Table S9: Corresponding ANOVA output to Table S8. 
 
Sum Sq Mean Sq NumDF DenDF F value p-value 
Age in years 1.226 1.226 1 1012 41.530 <0.001 
Feed group 0.0319 0.016 2 1012 0.540 0.583 
Genetic group 0.034 0.034 1 1012 1.140 0.286 
Sample interval in days 0.003 0.003 1 1012 0.106 0.745 







Table S10: Sample year becomes non-significant when maximum summer temperature 
is in the same model. 
 
Estimate Std. Error df t value p-value 
(Intercept) -11.045 13.79 1011 -0.801 0.423 
Age in years 0.025 0.006 1011 4.129 <0.001 
Feed group: high forage -0.011 0.012 1011 -0.875 0.382 
Feed group: not allocated -0.014 0.015 1011 -0.881 0.378 
Genetic group: select -0.013 0.011 1011 -1.136 0.256 
Sample interval in days 0.000 0.000 1011 0.200 0.842 
Sample year 0.006 0.007 1011 0.808 0.419 
Max temperature in summer quarter -0.01 0.004 1011 -2.523 0.012 
 
Table S11: Corresponding ANOVA output to Table S10. 
 
Sum Sq Mean Sq NumDF DenDF F value p-value 
Age in years 0.503 0.503 1 1011 17.045 <0.001 
Feed group 0.033 0.017 2 1011 0.562 0.570 
Genetic group 0.038 0.038 1 1011 1.291 0.256 
Sample interval in days 0.001 0.001 1 1011 0.040 0.842 
Sample year 0.019 0.019 1 1011 0.652 0.419 




Table S12: Association of sun hours per day averaged across the summer quarter with 
change in RLTL. 
 
Estimate Std. Error df t value Pr(>|t|) 
(Intercept) 0.06 0.072 1012 0.827 0.408 
Age in years 0.025 0.005 1012 4.868 <0.001 
Feed group: high forage -0.011 0.012 1012 -0.922 0.357 
Feed group: not allocated -0.016 0.015 1012 -1.005 0.315 
Genetic group: select -0.014 0.011 1012 -1.21 0.227 
Sample interval in days 0.000 0.000 1012 -0.105 0.917 
Mean sun hours in summer quarter -0.001 0.000 1012 -2.309 0.021 
 
 
Table S13: Corresponding ANOVA output to Table S12. 
 
Sum Sq Mean Sq NumDF DenDF F value p-value 
Age in years 0.703 0.703 1 1012 23.698 <0.001 
Feed group 0.040 0.020 2 1012 0.6791 0.507 
Genetic group 0.043 0.043 1 1012 1.463 0.227 
Sample interval in days 0.000 0.000 1 1012 0.011 0.9167 





Table S14: Association of summer rain with change in RLTL. 
 
Estimate Std. Error df t value Pr(>|t|) 
(Intercept) -0.134 0.029 1012 -4.612 <0.001 
Age in years 0.029 0.004 1012 6.446 <0.001 
Feed group: high forage -0.011 0.012 1012 -0.95 0.342 
Feed group: not allocated -0.012 0.015 1012 -0.783 0.434 
Genetic group: select -0.012 0.011 1012 -1.093 0.275 
Sample interval in days 0.000 0.000 1012 0.208 0.835 
Mean rain (mm) in summer quarter 0.000 0.000 1012 2.051 0.041 
 
Table S15: Corresponding ANOVA output to Table S14. 
 
Sum Sq Mean Sq NumDF DenDF F value p-value 
Age in years 1.234 1.234 1 1012 41.554 <0.001 
Feed group 0.033 0.017 2 1012 0.556 0.574 
Genetic group 0.035 0.035 1 1012 1.195 0.275 
Sample interval in days 0.001 0.001 1 1012 0.043 0.835 





Table S16: Association of maximum winter temperature with change in RLTL. 
 
Estimate Std. Error df t value p-value 
(Intercept) 0.069 0.068 1012 1.014 0.311 
Age in years 0.032 0.004 1012 7.416 <0.001 
Feed group: high forage -0.012 0.012 1012 -0.984 0.325 
Feed group: not allocated -0.014 0.015 1012 -0.931 0.352 
Genetic group: select -0.012 0.011 1012 -1.063 0.288 
Sample interval in days 0.000 0.000 1012 0.11 0.912 
Max temperature in winter quarter -0.014 0.005 1012 -2.612 0.009 
 
 
Table S17: Corresponding ANOVA output to Table S16. 
 
Sum Sq Mean Sq NumDF DenDF F value Pr(>F) 
Age in years 1.629 1.629 1 1012 54.996 <0.001 
Feed group 0.0395 0.020 2 1012 0.667 0.513 
Feed group 0.034 0.034 1 1012 1.131 0.288 
Sample interval in days 0.000 0.000 1 1012 0.012 0.912 





Table S18: Association of maximum summer and winter temperature with change in 
RLTL. 
 
Estimate Std. Error df t value p-value 
(Intercept) 0.140 0.074 1011 1.882 0.060 
Age in years 0.029 0.004 1011 6.548 <0.001 
Feed group: high forage -0.011 0.012 1011 -0.919 0.359 
Feed group: not allocated -0.013 0.015 1011 -0.856 0.392 
Genetic group: select -0.012 0.011 1011 -1.059 0.290 
Sample interval in days 0.000 0.000 1011 0.298 0.766 
Max temperature in winter quarter -0.007 0.006 1011 -1.171 0.242 
Max temperature in summer quarter -0.009 0.004 1011 -2.297 0.022 
 
Table S19: Corresponding ANOVA output to Table S18.  
Sum Sq Mean Sq NumDF DenDF F value p-value 
Age in years 1.265 1.265 1 1011 42.878 <0.001 
Feed group 0.034 0.017 2 1011 0.573 0.564 
Genetic group 0.033 0.033 1 1011 1.120 0.290 
Sample interval in days 0.003 0.003 1 1011 0.089 0.766 
Max temperature in winter 
quarter 
0.040 0.040 1 1011 1.370 0.242 
Max temperature in summer 
quarter 





Table S20: Association of disease events (lameness and mastitis separately and 
together) on RLTL change tested in a linear model. 
lifetime RLTL change measure Estimate SE t-value p-value Disease 
mean RLTL 0.000 0.005 0.08 0.937 
Lameness mean RLTL change 0.005 0.003 1.66 0.099 
mean absolute RLTL change -0.004 0.003 -1.31 0.192 
mean RLTL -0.006 0.008 -0.78 0.436 
Mastitis mean RLTL change 0.000 0.005 0.05 0.963 
mean absolute RLTL change -0.007 0.005 -1.32 0.190 
mean RLTL -0.001 0.004 -0.325 0.746 
Lameness + 
Mastitis mean RLTL change 0.004 0.003 1.382 0.169 




Table S21: Results of cox proportional hazards models testing association of relative 
leukocyte telomere length (RLTL) change measurements (on continuous scales) with 







95% CI  
(hazard ratio) 
exp(-Coefficient) z p-value 
1) RLTL change within the first year of life (N=291) 
RLTL change -1.141 
(0.391) 
 
0.320 0.148 -0.688 3.129 -2.914 0.004 
2) Each RLTL change measurements is tested in separate models (N=305) 
Mean RLTL 0.341 
(0.591) 











18.8982 2.824-126.5 0.053 3.031 0.002 
3) All RLTL change measurements are tested in the same model (N=305) 
Mean RLTL 0.053 
(0.606) 




















Table S22: Results of cox proportional hazard models of productive lifespan that 
correspond to the data shown in Figure 3 and Figure 4. RLTL change measures were 




Hazard ratio 95% CI  
(hazard ratio) 
Exp(-coef) z p-value 
RLTL change within the first 






























Mean absolute RLTL change  













Mean RLTL change 














Table S23: Results of cox proportional hazards models testing association of relative 
leukocyte telomere length (RLTL) change measurements (on continuous scales) with 
productive lifespan, including measures of average lifetime milk production. Average 
lifetime milk production was tested in the same models to account for the fact that 




Hazard ratio 95% CI  
(hazard 
ratio) 
exp(-Coefficient) z p-value 
















1.0001 -3.520 <0.001 















1.000 -3.212 0.001 














in kg / 1000 
-1.018 *10-4 
(2.818 *10-5) 
1.000 1.000-1.000 1.000 -3.611 <0.001 
4) All telomere change measures tested in the same model, N=253 
Mean RLTL -0.070  
 




















in kg / 1000 
-9.162 *10-5 
(2.824 *10-5) 





Table S24: Results of cox proportional hazards models testing association of relative 
leukocyte telomere length (RLTL) change measurements (on continuous scales) with 
productive lifespan, with first RLTL measurements (obtained close to birth) removed 
from analyses. N=253; SE= standard error, CI = confidence interval. 
Factor Coefficient (SE) Hazard 
ratio 
95% CI  
(hazard 
ratio) 
exp(-Coefficient) z p-value 
1) Mean RLTL, N=253 
Mean RLTL 
 




in kg / 1000 
 
-9.853 * 10-5 
(2.812 * 10-5) 
1.000 1.000-1.000 1.000 -3.504 <0.001 




-5.056 (1.315) 0.006 0.0005-
0.084 









1.000 1.000-1.000 1.000 -3.228 0.001 














1.000 1.000-1.000 1.000 -3.610 <0.001 
4) Mean RLTL change measures tested in the same model, N=253 
Mean RLTL 
 










1.281 (1.217) 3.600 0.331-
39.130 


















Table S25: Results of Cox proportional hazards models testing for independent 
associations of mean relative leukocyte telomere length (RLTL) change measurements 
and RLTL measured at 1 year of age on productive lifespan. Mean RLTL change remains 
highly statistically significant whereas RLTL at the age of 1 year becomes non-




Hazard ratio 95% CI  
(hazard 
ratio) 
exp(-Coefficient) z p-value 







152.972 -3.648 <0.001 
RLTL at the 








in kg / 1000 
-7.896 *10-5 
(2.928 *10-5) 







Table S26: Results of Cox proportional hazard model for lifetime RLTL dynamics 
measurements (mean RLTL, mean RLTL change and mean absolute RLTL change) 
restricted to animals with a known, disease-related reasons for culling. Animals that 
were culled due to accidents, due to herd management decisions and animals for 






95% CI  
(hazard 
ratio) 
exp(-Coefficient) z p-value 
RLTL change 
within the first year 




























1.203 0.995-  
1.455 




Supplementary File 2 
Detailed Materials and Methods 
 
Telomere attrition rates are associated with weather conditions and 
predict productive lifespan in dairy cattle 
 
Authors & Affiliations: 
Luise A. Seeker1,2*, Sarah L. Underwood3, Rachael V. Wilbourn3, Jennifer Dorrens 3, Hannah 
Froy3,4, Rebecca Holland3, Joanna J. Ilska1, 5, Androniki Psifidi5,6, Ainsley Bagnall7, Bruce 
Whitelaw5, Mike Coffey1, Georgios Banos1, 5 & Daniel H. Nussey3 
 
1 Animal & Veterinary Sciences, SRUC, Roslin Institute Building, Easter Bush, Midlothian, UK 
2 MRC Centre for Regenerative Medicine, University of Edinburgh, Edinburgh, UK 
3 Institute of Evolutionary Biology, School of Biological Sciences, University of Edinburgh, UK 
4 Centre for Biodiversity Dynamics, NTNU Norwegian University of Science and Technology, 
Trondheim, Norway 
5 The Roslin Institute and Royal (Dick) School of Veterinary Studies, University of Edinburgh, 
Easter Bush, Midlothian, UK 
6 Royal Veterinary College, University of London, Hatfield, UK 







Animal population and data collection 
At the Crichton Royal Farm, 200 milking cows plus their calves and replacement heifers 
are kept at any time. One half of the milking cows belong to a genetic line that has been 
selected for high milk protein and fat yield (S), while the other half is deliberately 
maintained on a UK average productivity level (C). Selection for these two genetic lines 
started in the 1970s. Animals of the C and S line do not significantly differ in their frame, 
weight or body condition score (p>0.05) as determined using t-tests for the animals in 
the present study. Each new-born calf is weighed and ear-marked and kept in an 
individual housing for the first few days of its life. Then C and S calves are transferred to 
outsides pens with a shelter, where groups of calves live together. All heifers are 
managed in the same way until their first calving when they are randomly allocated to a 
high forage (HF) or low forage (LF) diet. The LF diet is based on human food by-products 
and consists of a concentrate blend. The HF diet on the other hand is based on feed that 
is grown at the Crichton Royal Farm. While cows on a HF diet are turned out over the 
summer months for grazing and are only housed over the winter months, cows on a LF 
diet are housed continuously over the year without a grazing period. The food and water 
consumption of all calves and cows is monitored. All cows are milked three times daily 
and milk yield, milk composition and the milk somatic cell count as an indicator for 
(subclinical) mastitis are recorded. In the present study, these measurements were used 
to calculate an average milk production in kg per cow including all started lactations. 
The average of these measurements per cow across their lifetime was calculated and is 
referred to below as “average lifetime milk productivity” (Figure S2). Every day cows 
leave the milking parlour over a pressure plate which detects signs of lameness. 
Behaviour and health events are documented after visual detection by farm workers 
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(Figure S7). At the end of the animal’s life its productive lifespan and a reason for culling 
is recorded. Productive lifetime is the time from birth to culling in days and is a proxy for 
the health span of the animal, because all animals that remain healthy enough to 
generate profit for the farmer remain in the herd. The most frequent reasons for culling 
were reproductive problems, mastitis and, lameness (Figure S8). Along with a plethora 
of data that is recorded for each animal, routine blood sampling takes place initially 
shortly after birth and then annually in spring by venepuncture (V. jugularis for calves, 
V. caudalis for cows). Because of this sampling routine and because calves are being 
born all year round, age at sampling and sampling intervals vary for adult animals (Figure 
S2 & Figure S4). Blood tubes contained EDTA as anti-coagulant and were frozen on the 
farm and stored at -30 °C. They were transported in transportable freezers or on dry ice 
to the laboratory and underwent no freeze-thaw cycle before DNA was extracted for 
telomere length measurement.  
DNA extraction and qPCR 
DNA from whole blood samples was extracted with the DNeasy Blood and Tissue spin 
column kit (QIAGEN). All DNA samples (100 %) had to have a minimum yield, purity and 
integrity to pass our internal quality control. Yield and purity were measured on a 
NanoDrop ND-1000 spectrophotometer (Thermo Scientific) and the DNA integrity was 
evaluated on integrity gels following Seeker et al. (2016) 48. In total, 1,328 samples of 
308 animals with a minimal concentration of 20 ng/μl and ratios of 260/280 > 1.7 and 
260/230 >1.8 that also had a DNA integrity score of 1 or 2 48 were included on qPCR 
plates for RLTL measurements. We measured telomeric DNA in relation to the reference 
gene beta-2-microglobulin (B2M) that is constant in copy number 48 and has been used 
before in telomere studies on ruminant species such as Soay sheep, Roe deer and dairy 
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cattle25,48,71–73. Both reactions were performed on the same qPCR plate but in different 
wells (monoplex qPCR). An identical sample was included as a calibrator (or “golden 
sample”) twice on all 25 qPCR plates: one time in the middle of the plate and another 
time at its periphery. The measurements for the calibrator sample were used in the 
calculation of RLTL of individual samples to correct for part of the random measurement 
error that was associated with the qPCR plate. The two locations of the calibrator were 
used to test for a qPCR plate edge effect. All other samples were randomly allocated to 
qPCR plates and wells. Also, a negative control (DNAse and RNase free water) and a 
serial dilution of the calibrator DNA were added to each qPCR plate for visual qPCR 
quality control. A liquid handling robot (Freedom Evo by TECAN) was used to load 
samples, the calibrator, the negative control and the serial dilution in triplicates onto 
384 well qPCR plates. For the amplification of telomeres tel 1b (5’-CGG TTT GTT TGG 
GTT TGG GTT TGG GTT TGG GTT TGG GTT-3’) and tel 2b (5’-GGC TTG CCT TAC CCT TAC 
CCT TAC CCT TAC CCT TAC CCT-3’) primers were used 15. B2M primers were obtained 
from (Primerdesign, accession code NM_001009284, sequence is proprietary). 
The following qPCR protocol was used on a LightCycler 480 (Roche): 15 min at 95 °C for 
enzyme activation followed by 50 cycles of 15 s at 95 °C (denaturation), 30 s at 58 °C 
(primer annealing) and 30 s at 72 °C (signal acquisition). The melting curve was acquired 
as follows: 1 min at 95 °C, followed by 30 s at 58 °C and a continuous increase of 
0.11 °C/s to 95 °C with continuous signal acquisition.  
The software LinReg PCR 74 was used for fluorescence baseline correction of raw RLTL 
measurements and for the calculation of reaction specific qPCR efficiencies for each 
plate qPCR efficiencies ranged from 94.3% to 94.85% for the B2M reaction and from 
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91.5–95.85% for the telomere reaction. The following formula was used for RLTL 





        (1) 
The Cq value describes the number of cycles of a qPCR that is required for an 
amplification curve to cross a set fluorescence threshold. The Cq values of the calibrator 
sample were CqTEL(Calibrator) and CqB2M(Calibrator) for the telomere and the B2M reaction 
respectively. Cq values of the individual samples were CqTEL(Sample) and CqB2M(Sample). 
 
Calculation of sample repeatability 
The first experimental qPCR plate was run four times on two subsequent days and a 
linear mixed model that accounted for qPCR plate as fixed effect and included sample 
ID as random effect was used to calculate the sample repeatability as the variance due to 
the sample divided by the total variance. The sample repeatability was 0.8 which can be 
considered satisfactory for measuring interpretable results 51. Pairwise correlations of all 
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